Abstract-Nowadays one of the most consolidated inspection methods for photovoltaic (PV) systems is the use of drones. PV modules installed in the last decade show now a quite wide range of defects able to sensibly compromise the performance of the plant. This paper aims to provide a quite comprehensive overview of typical defects observed after an extensive flight campaign in North of Italy made by light multicopter unmanned aerial vehicles over different types of PV plants. The objective of this investigation is to summarize the most observed detectable faults and to give some data of their frequency. Different kinds of sensors have been installed onboard and some peculiarities will be emphasized with respect to the visible, in-field measurements and IR-collected data. The results of this campaign will be discussed in order to provide a clear idea of potential impact of unmanned technology in this sector for future decades.
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I. INTRODUCTION
R
ENEWABLE energy sources contribution to power generation almost represents a valid alternative to limit fossil fuel usage and pollution for future decades. European countries have widely invested in alternative energies sources to reduce emissions and politically promote the so called clean energy. In Italy, during past years of generous public policies, the PV sector has witnessed a very rapid increase in its production rate with the complicity of low consumer prices and a general market euphoria.
However, the quality of the installed modules was not always guaranteed especially because produced in a rapid time frame, and often with characteristics below the common standards [1] . The race to install and meet such generous public incentives has left many solar installations across a general lacking in maintenance. After a relative short period, evident modifications in the visual aspect of some modules appeared and a quite large spectrum of defects started to be observed by operation and maintenance (O&M) operators. Some defects are generally due to the solar irradiation itself or temperature effects that can represent stress factor for PV module degradation, together with weather and particular environmental conditions (e.g., high ultraviolet components, temperature cycles, and fast chemical reactions [2] ). In some harsh environment areas such as the deserts for example, sand, wind, and dust can also lead to dramatically decrease of PV modules performance [3] . In the last years, manufacturers have produced thin film solar cells and the thickness of absorber layers tended to be thinner with an increased solar cells area, making the cells more sensitive and fragile during shipment and installation [4] . Besides, early failures can turn into the complete damage of the PV modules: recently some smart methods aiming at detecting this degradation mechanism by means of indicators based on resistance have been proposed [5] .
In this context, the authors started to investigate unmanned technology potential in the photovoltaics plant monitoring operations with an extensive flight campaign (see Table I ). Many PV plants are too large and too time consuming to be inspected by manned technologies, especially if they are located on the roof of buildings or hard accessible areas. Thus, in recent research the introduction of unmanned aerial vehicle (UAV) technology in PV O&M operations has been proposed to monitor and inspect different power plants. For this purpose, some ad hoc sensors have been tested and chosen as appropriate monitoring tools to scan PV modules in the most effective way. Previous results have shown that it is possible to have a good correlation between captured data and module healthy status when the flight procedures are well designed and planned [6] .
As better explained in the follows, few attempts have been done in using unmanned technologies for PV system monitoring, mainly for sporadic experiments and small plants, and poor results have been published in the literature. Here, the procedure of utilizing UAV was successfully tested both for "ground" 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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and "on roof" PV plants, with a systematic approach and some technical advantages for rooftop plants. Thus, the main purpose of this paper is to summarize main results after a real extensive flight campaign performed in Italy over a different series of PV plants, both on roof and on ground. The original scope of this study was to introduce and test the unmanned technology itself with a cost effective approach, but in the end a large database of data, in visible and infrared spectrum, was available and relevant results could be inferred on different defects. In this path, the light weight UAV was transformed and adapted in order to conceive an ad-hoc machine optimized for the photovoltaic field arrays inspection and for computational postprocessing operations [6] . This paper is organized as follows. Section II introduces and summarizes peculiarities of UAV inspection method for PV faulty modules, giving details about the used methodology and complete system description. Section III reports common defects found in the different plants showing picture data captured by the UAV and correlation between visible and IR sensors. Section IV gives some indications with respect to observed typical defects, relative failure rates, then comparing our findings with relevant results in recent literature and finally drawing main conclusion in Section V.
II. UAV-BASED PV MONITORING SYSTEMS
In order to reduce the O&M costs, early fault diagnosis plays a crucial role by enabling the long effective life of PV arrays. A recent work on low-cost and fast diagnosis method with optimized sensor locations to detect faulty strings has been carried out [7] . Unmanned technologies have many advantages in comparison with manned aircrafts especially in terms of safety, weight, and cost [8] .
Traditionally many different methods have been used for solar plant inspection and monitoring. Visual inspection is still used for cracks, corrosion, snail trails, discoloration, and similar phenomena [9] , [10] . The IR methods are able to extend the detectable range of defects to resistive soldering, shunting paths, bypass diodes, disconnections, etc. [11] .
These methods are often time consuming, not practical for PV plants integrated into roof of buildings and sometimes it is difficult to evaluate impact of defect on the power output performance. Furthermore, not all the defects' origin can always be recognized and distinguished from one another.
On the other hand, laboratory tests are not feasible in terms of economic impact on the O&M budget, often not cost effective and reasonable for large PV array fields, unless particular purposes are necessary. Thus, for example, accelerated tests and I-V curves are not practical during normal plant operation, even if portable analyzer is available in the field for the maintenance team. The same is valid for other methods such as electroluminescence and ultrasonic inspection.
Based on the aforementioned market condition, it is useful to have a fast and reliable tool to detect and classify many defects at once. In this investigation, a reliable and cost effective method is proposed to monitor a large portfolio of PV plants by using a series of optimized platforms (see Fig. 1 ) conceived for multiple plants on a vast operating area. The proposed method aims to reduce the monitoring cost much more than other previous systems. Photovoltaic plants monitoring by unmanned aerial system has proved to offer many advantages in operations: fast detection, low cost, large area coverage, precise imagery, high flexibility, the ability to easily operate on roofs and hostile environment, and the integration with automatic systems. The last decade progress in the unmanned aerial industry technology, alongside improvements in sensor technology and control systems, has contributed to open up the massive use of UAVs in monitoring operation in different fields of civil application.
However, the technological factor is not the only issue to be taken into account since the regulatory framework is essential to properly operate with such systems, even in the energy field. The airworthiness context, for example, is still dynamic in different countries and in Italy, during these three last years where we performed our flight campaign, the civil aviation authority has published different and updated rules for remote-piloted aircrafts. In particular, the new Italian UAV regulation was recently issued by ENAC, essentially an update of its first edition (2013) on three categories' drones under 150 kg, due to the dramatic increase in use and demands by the national industry and operators since that time [12] . An important amendment has been made with regard to permits for pilots: in order to operate UAV under 25 kg in visual line of sight conditions a remote pilot certificate is required.
The choice of different UAV properties is essential in order to make the most appropriate platform and relative sensors in the specific field of application. First attempt to use aerial solar thermography for integrated photovoltaic systems inspection was performed in Portland in 2012 but using a manned aircraft. In this experiment solar thermography was applied to determine the operational status of PV on a large scale [13] . Infrared thermography has the ability to see the heat profile among solar cells and can be used to determine damaged or defective modules, but other information can be added and correlated using multiple sensors mounted on the unmanned platforms [14] .
Early failure detection plays a crucial role in PV plant maintenance to assure adequate performance, lifetime, and preventing defects' extension to healthy areas. Different aging mechanisms can also affect photovoltaic modules with correlated mismatching phenomena [15] . Among the vast range of possible modules failures known in the literature, namely cracked cells, yellowing, discoloration, bubbles, stratification, oxidation, corrosion, delamination, microcracks, burnt cells, general hot spot, coating problems, foil detachment, improper framing, shading, and snail trails, we wanted to focus on the most relevant ones, better characterizing some of them. For example, a general hot spot can be associated with multiple causes based on shape and correlated information in the visible (see Section III). Thus, during the experimental campaign, the researchers have given many feedbacks to the UAV company operators in order to design and conceive an unmanned aircraft devoted to the photovoltaic field inspection. In this flight campaign, the ad hoc platform used in the different flights was a reliable and cost efficient proposed by the Nimbus company, the adapted model PLP612-PV (see Fig. 1 ), an optimized hexa-copter powered by electric energy. The main new features and design properties of Nimbus PPL612-PV platform are reported in Table II . The uniqueness of this UAV machine is the ad hoc design choices made from the outset to perform missions such as monitoring large energy plants: an iterative process during the PV flight campaign has allowed to optimize the copter features with respect to other multipurpose drones appeared in the market in the last years. The novelty of this semi-automated system is its complete integration of heterogeneous data of the plant and the experimental validation on a large scale if compared with other sporadic test with UAVs traceable in the literature. The developed software is able to select, among the IR data, the images with potential defective modules. These files are then matched with the corresponding visual images in order to help the operator to identify and classify the specific failure. The system can also perform mosaicking and support the O&M operator in the correct identification of the module placement in the plant map.
A first attempt with a similar approach for large plants has been recently proposed with a light UAV in France, but tested just for a 50 kW plant [16] . This experiment in fact was a first single small-scale PV plant installed on the rooftop of a building and different electrical mismatches were recognized under real field conditions with serious thermal patterns defined for ΔT > 20°C. In our experiment instead the system was tested on five different PV plants with relative features reported in Table I .
The proposed method depicted in Fig. 2 combines at the same time IR and visual images captured by the aerial perspective with direct measurements performed in the plant by using ad hoc instruments or the collected data by the on-site monitoring system if available. With a semi-automatic system, the georeferenced panel pictures are reported in a failure map which fully describe the plant status and in the same cases (see Fig. 8 and Section IV) it is possible to correlate performance indexes with parts of the overall plant.
III. TYPICAL DEFECTS AND MAIN EXPERIMENTAL RESULTS
The extensive flight campaign using the UAV-based system shown in Fig. 2 has been applied on five different PV plants.
In this experimental work, two different synchronized cameras, namely a Panasonic Lumix GM1 HD (4592 × 3448) and FLIR A35 (640 × 512) thermal imager, are mounted on a light multirotor UAV machine to capture the pictures and sensor data of PV panels defects. In some of the accessible plant, an in-field measure with a grid analyzer (e.g., HT SOLAR 300N) was performed in order to compare energy performance with the failure maps and to the onsite monitoring system supervisory control and data acquisition (SCADA).
One of the main purpose of a survey of this type is to classify the PV module defects to find out early solution and prioritize main interventions. The interaction between measurements and UAV data allowed to reach two main results: to be able to better classify the genesis of defects and on the other side to estimate the severity of failures in terms of energy performance. Again understanding which kind of defect/failure can be detected by visual inspection, IR, electric measurements, or a proper combination of them is a very important task to design a cost-effective monitoring system. According to our data collected in this extensive flight campaign, concerning just the PV modules, some considerations can be drawn in the follows.
A very common occurrence is when 1/3 or 2/3 of a module is hotter than the other parts (see Fig. 3 ). Since all the modules here analyzed are Si-crystalline with three by-pass diodes, this problem can be due to by-pass diode failure or to soldering defects in the junction box. In any case, we always classify this failure as by-pass failure. Even modules or string disconnections (see Fig. 4 ) are quite popular and they cause loss in efficiency of PV plant. They represent one of the three most common defects among the observed plant in Italy and they can be easily recognized just using IR sensors mounted onboard.
However, it is important to notice that not every defect has a direct impact on the output performance in power production, but often it is possible to find a direct correlation between observed faults and power degradation over time. Most visible failures appear on the PV modules due to different causes and this information is important for data correlation with IR pictures. In fact, if we focus for example on a general hotspot, it is not sufficient to fully characterize a particular defect without the information coming from the visible camera. Hot spot failures which are generally defined as an area on the PV module with higher temperature typically are associated with multiple reasons including cell mismatch, corrosion (see Fig. 5 ), dirty (see Fig. 6 ), or even partial shading (see Fig. 7 ). In this context, these kinds of failures (see Figs. 5 and 6) can be detected and classified only by combining visible and thermal cameras as in this field experiments since the IR only is not sufficient. Snail trail phenomenon, due to production causes linked to a particular manufacturer, appears as dark and irregular small lines (see Fig. 8 ). It is not so common according to our inspections, even if plant B was dramatically affected by this failure (92.2% over only the found defected modules) while in plant E (12.5% over only the found defected modules). It is important to notice that once again the correlation with visual pictures has made possible to classify as severe the snail trail in plant B while as incipient (with no thermal effect) in the case of plant E. Snail trail can be detected by visual inspection: in this case we need high-resolution sensors or to flight as close as possible to the module [17] . In some cases, snail trails are associated with cracks and then to hot spots [18] .
Moreover, snail trails, shading, dirty, cracks which are not so hard to find according to this flight experience and can have a relevant influence on the PV modules performance can be all associated with IR hot spot phenomena and again the UAV correlation between the multiple sensors can give a complete picture of the observed defect.
As described in Section II the proposed method depicted in Fig. 2 combines IR and visual images with direct measurements performed in the plant. In fact, the combination of real-time measurement and UAV inspection provides important correlations between defects and output performance. For example, Fig. 9 shows the comparison between data recorded by the SCADA system and in-field measurements executed for the case of plant D. In this case, the energy produced by the PV field is converted by using two separate inverters; thus, subsystem analysis is feasible in this case with disaggregated data.
The in-field measurements are then performed considering two different intervals corresponding to the measures made on inverters 1 and 2.
By the analysis of Fig. 9 , it is possible to notice the incorrect calibration of the temperature plant sensor (T c SCADA). Instead there is a good match between irradiance and power data recorded by SCADA and that measured in field (Meas.). Furthermore, a very strong correlation has been found between the final modules' defect map and the performance measured in each of the two separate parts of the plant with relative computed performance ratios (PRs), see Table III . The most defected part in plant D in fact showed a 2% difference in PR calculated in the UAV flight time reference.
IV. ANALYSIS AND RESULTS DISCUSSION
After our extensive flight campaign, it is possible to classify typical modules' defects and failures. The carried investigation with UAV platform was very important to identify both in visible and IR a fault catalogue with some first data about failures occurrences. Of course, the number of flights is still relatively small (under ten) but the overall number of modules inspected is now not negligible and some consideration can be done. Table IV reports the failure rates of most common observed defects, over the detected failures, in the five heterogeneous plants inspected by the UAVs. It is important to notice that reported values are indicative since the statistical basis after this first flight campaign is not yet sufficient to draw a robust and reliable picture on failure rates. If we consider [15] that among all the failures modes, inverter counts with a leading position for more than 40%, ac subsystems around 15%, and among others PV cells just for 2-3%, the numbers reported in this study should be weighted accordingly in the O&M perspective. Moreover, as anticipated, if we look for example at the snail trails phenomenon, in this picture its failure rate is significantly overestimated since one of the inspected plants was for three quarters affected by such a failure. The inspected plants are then not homogeneous, PV cell technology and plant structures differ.
The status of the observed plants varied from a percentage of defected panels less than 1-2% which describes a good quality plant, to rate between 3 and 5% that represents a tolerable status, to a totally unacceptable one with more than 80% of faulty modules. However, some indications can be observed from this flight campaign and, apart from the peculiar case of the snail trails, hot spots and by-pass diodes show the highest rate of failures among the defected panels, followed by browning and dirty problems. It is important to notice that the category hot spot does not always identify a specific defect but often it is related or caused by other failures listed in Table III. Early fault diagnosis represents a key factor in O&M activity, but if we imagine to repeat more flights per year on the same plant the cost of the system becomes an issue. However, for large plants, especially on roof plants, the UAV system represents a real effective alternative. A complete manned IR inspection of 1 MW plant may require 1-2 days, but with a comparable cost it is possible to fully inspect the same plant in just 1-2 h, having a more complete information and a complete picture of the defects' origin thanks to the multiple sensors use.
With respect to the percentage of failures at module level found in this flight campaign (see Fig. 10 ), it is quite valuable comparing our findings with the recent literature even if not trivial and made on heterogeneous samples. In [19] , both failure rates due to customer complaints in the first two years after delivery and based on a field study of many manufacturers in the midlife are reported. The rates are given relative to the total number of failures such as in our study, and show a wide range of occurrences, often with different classification criteria: for example, defect cell interconnects are around 10%, j-box and cables around 10-20%, glass failures 10-30% depending on the plant age and means of detection. In [20] , a physical model for degradation and reliability is validated on a large statistical data set, confirming that some studies do not distinguish for example corrosion damage from fatigue damage; however, more than 60% of returns is attributed in this case to cell-interconnection issues, considering modules that are aged less than 10 years. Kurtz et al. [21] discuss the degradation mechanisms depending on both technology and climate zones, as well as how they generally affect differently current and voltage giving average rates in terms of %/year with no distinction based on the nature of defects. Finally, [22] reports a project report on PV plant risk assessment, finding that among the overall common failures, glass breakage, ethylene-vinyl acetate discoloration, and defective backsheets bear a higher level of economic impact on O&M.
It is important to notice that UAV technology is too young to make available a large data set if compared for example with customer care data set. Even if the failure rates reported in this study are referred to ordinary or preventive maintenance in three of the five plants, some similarities with the literature can be found for the by-pass (j-box), cell, and hot-spot failures, while in our campaign we did not find high rate of glass breakage. Finally, a detailed comparison was not easy because of the different means of failure classification among the studies.
V. CONCLUSION
One of the most promising inspection methods for PV energy plants is the use of unmanned technology. Many modules installed in the recent past show a various range of defects which compromise their performance. This paper provides an overview of the most observed typical defects after a flight campaign made by ad-hoc designed light UAVs. Different kinds of sensors have been installed onboard and the results of this campaign have been discussed. Surely the efficiency of photovoltaic systems can be improved by appropriate use of O&M instruments and benefit from innovative monitoring tools. The cost of unmanned system is still not negligible at the time, but their convenience is justifiable when a specific plant is subjected to serious failures. This paper has collected experimental data from multiple plants and the UAV-based monitoring concept has been validated in the field on a quite considerable number of heterogeneous plants in Italy. The evidence from these multiple inspections suggests that further lowering the operation cost will open up a wide market for O&M more in general in the energy sector.
